Abstract The concentration of elements in molten metal of AZ31 magnesium alloy after long pulsed Nd:YAG laser processing was quantitatively analyzed by using calibration-free laser-induced breakdown spectroscopy (CF-LIBS). The composition change in AZ31 magnesium alloy under different laser pulse width was also investigated. The experimental results showed that CF-LIBS can obtain satisfactory quantitative or semi-quantitative results for matrix or major elements, while only qualitative analysis was possible for minor or trace elements. Moreover, it is found that the chemical composition of molten metal will change after laser processing. The concentration of magnesium in molten metal is lower than that present in the base metal. The Mg loss increases with an increase of pulse width in the laser processing. This result shows that the selective vaporization of different elements is affected by the pulse width during laser processing.
Introduction
The laser is one of the most effective materials processing tools, it has numerous advantages such as high speed and precision, small thermal deformation, noncontact, variable wavelength and pulse width to match the material properties. Laser processing of alloy is an important topic in laser cutting, welding, drilling, and cladding applications. However, the different elements present in alloy have different physical properties (such as absorption, reflection, melting point, boiling point, thermal conductivity etc.), which may cause a composition change in molten metal during laser material processing, which would further affect the mechanical properties such as strength, hardness, plasticity, and so on. Therefore, monitoring the composition change is becoming essentially important. Many researchers have investigated chemical composition during laser processing using different methods [1−4] ; for example, electron microprobe analysis (EMA), energy-dispersive X-ray spectroscopy (EDX), wavelength dispersive X-ray spectroscopy (WDX), etc. Jandaghi et al. [5] determined the concentrations of aluminum and magnesium elements in the weld metal during laser welding. They calculated the concentration ratios of aluminum and magnesium from the intensity ratios of two different lines.
Laser-induced breakdown spectroscopy (LIBS) is a laser based, rapid, remote, and sensitive optical diagnostic technique used to detect certain atomic species, which has acquired great interest in recent years as spectroscopic sources, especially in China [6−9] . The advantages of LIBS include rapid analysis, minimal sample preparation, practically non-destructive, operational simplicity, in situ or remote analysis, and versatile sampling of solids, liquids, gases or aerosols. However, the LIBS signal emitted from the same element depends on the matrix in the sample, which will limit the analysis to be quantitative with a calibration curve approach. The calibration-free laser-induced breakdown spectroscopy (CF-LIBS) methodology, which was developed in 1999, could overcome the matrix effects and did not require calibration curves or reference samples. The CF-LIBS method has recently been developed and applied to many materials. Herrera et al. [10] applied CF-LIBS to the analysis of different samples of varying degrees of complexity, such as Al alloy, Zn alloy, Cu-Ni alloy, Ti alloy, Ni alloy powder, Cu-Zn alloy and soils, which showed that the best accuracy (5% relative error) is obtained for the matrix element while the results for the remainder of the components in the sample can only be considered to be semi-quantitative. In addition, CF-LIBS analysis of soil matrices proved to be more complicated than that for alloy matrices. Xu et al. [11] introduced a single-beam-splitting ablation with CF-LIBS method to investigate various Cu alloys and found that a better analytical result was obtained compared to the single-pulse CF-LIBS. They also combined the internal reference for the self-absorption correction method and calibration-free inverse method in their work. ShirvaniMahdavi et al. [12] employed a special peak intensitybased model in CF-LIBS to determine the constituent elements of a metallic alloy (Cu, Ag and Au), this model is considered to be free from the self-absorption effect. Aguilera et al. [13] applied the CF-LIBS analysis to the radial resolved spectral emission coefficient obtained by spatial deconvolution and calculated the relative abundance of Fe, Mn and Ni in a copper-based alloy. They found that the results obtained from the central region of the plasma were closer to the nominal concentrations, while an increasing deviation was observed towards the plasma edge, which results from a gradual departure from Local Thermodynamic Equilibrium (LTE) conditions. Kolmhofer et al. [14] analyzed the elements Ca, Al, Mg, Si, Fe, Mn, Ti and their oxides in slag from secondary metallurgy in industrial steel production based on CF-LIBS and obtained improved results by combining the ultraviolet (UV) and visible (VIS) spectra to one broad-range high-resolution spectrum. Gaudiuso et al. [15] applied the CF-LIBS inverse method to the determination of the composition of a set of ancient brooches made of various copper-based alloys and compared their results with those of classical LIBS and a conventional technique (laser ablation-inductively coupled plasma-mass spectrometry, LA-ICP-MS).
In this paper we detected the metallic elements of molten metal during laser material processing by using CF-LIBS. The influence of the laser pulse width on the changes of Mg concentration was also studied.
Theory of CF-LIBS
The CF-LIBS method has been described in detail elsewhere [16, 17] , here we will briefly describe this approach.
In order to obtain quantitative information by CF-LIBS, some fundamental preconditions should be assumed: (1) the plasma is in LTE; (2) the plasma radiation source is optically thin without self-absorption; and, (3) the laser ablation and plasma plume are stoichiometric (i.e. the proportion of the elements in the sample is expected to be maintained in the plasma). Under these assumptions, the line integral intensity between levels E k and E i can be expressed as:
(1) where F is an experimental parameter which takes into account the volume of the plasma, the integration time, and the efficiency of the detection system; A ki is transition probability (s −1 ); g k and E k are the statistical weight and excitation energy of the level, respectively; n s is the number density (cm −3 ) of emitting species s; n p is the total particle density (cm −3 ) in the plasma; C s is the relative concentration of emitting species in the plasma; k B is the Boltzmann constant (eV·K −1 ); and, U s (T ) is the partition function of the species s at temperature T (K):
By taking the logarithm of both parts in Eq. (1) we obtain:
In the Boltzmann plane, E k and ln(I ki λ /g k A ki ) can be defined as x and y coordinates from Eq. (3). The integral intensity of each spectral line can then be represented as a point on the Boltzmann plane. The slope of the plot is related to the plasma temperature and the intercept is related to the species concentration C s times the unknown scale factor F n p , which can be calculated using the normalization relation on the species (usually neutral and singly ionized species) concentration C s of the sample:
And then each emitting species can be obtained as:
Finally, the concentration of a specific element is given by the sum of the concentrations of neutral and singly ionized species. In this experiment, the plasma was proved to be optically thin because the experimental intensity ratios of Al lines (Al I 394.40 nm, Al I 396.15 nm), Mn lines (Mn II 257.61 nm, Mn II 259.37 nm), Zn lines (Zn I 330.26 nm, Zn I 334.50 nm), and Mg lines (Mg II 279.55 nm, Mg II 280.27 nm) were found to be, respectively, consistent with the expected ratio when no self-absorption is present [18] , which is given by I 1 /I 2 = g 1 A 1 λ 2 /g 2 A 2 λ 1 . Here, g is the statistical weight of the energy level, A is the emission transition probability, and λ is the transition wavelength. In addition, we calculated the electron density from the measurement of the Stark broadening of the Mg I 518.36 nm line according to the following equation [19] : ∆λ FWHM ≈ 2 × 10 -16 wN e , where ∆λ FWHM is the full width at half maximum (FWHM) and w is the electron impact parameter. The result (4.8 × 10 16 cm −3 ) showed that the plasma under our experimental condition satisfies the McWhirter criterion, which means that the plasma is in LTE [20] : N e ≥ 1.6 × 10
12
e , where ∆E (eV) is the largest observed transition energy for which the condition holds, and T e is the excitation temperature (K).
Experiment

Experimental setup
A long-pulsed laser with pulse width of milliseconds was used in processing with AZ31 magnesium alloys, of which the chemical composition in weight percentage was listed in Table 1 . The scheme of laser material processing is illustrated in Fig. 1 . The fundamental wavelength (1064 nm) of Nd:YAG long-pulsed laser (Beamtech, Melar-50) with pulse width of 0.5-2.5 ms and beam quality factor of 50 was used as laser source and the laser beam was focused on the sample (1 mm spot diameter) by a 100 mm focal-length lens. A He-Ne laser was used to collimate the beam. A glass slide was placed between the lens and the sample to protect the lens from being damaged by ejected droplets. After long-pulsed laser processing, the molten metal of AZ31 magnesium alloy was analyzed by LIBS. The experimental setup of LIBS is shown in Fig. 2 . The fundamental wavelength of a Nd:YAG laser (LOTIS TII LS-2137U) pulse with 6 ns duration was used for LIBS analysis. A half-wave plate and a polarizer were used for the continuous attenuation of laser output energy and a beam splitter was used to split a small fraction (10%) of the energy to monitor the pulse energy with an energy meter. The beam was focused on the sample with an 80 mm focal length plano-convex lens and the spot diameter was 500 µm. Plasma emission was collected by using an optical fiber system connected to an Andor SR-303i spectrograph, which is fitted with 1200 lines/mm gratings. An ICCD detector (Andor istar DH740i-18F-03) was used for spectra acquisition and was triggered by the laser pulse. A fast photodiode and oscilloscope were used to monitor the operation of the digital delay generator and the delay time between plasma initiation and acquisition. This configuration gave a spectral resolution of about 0.1 nm (1200 lines/mm) from 180 nm to 850 nm. 
Concentration of Mg alloy before long-pulsed laser processing
The concentration of AZ31 magnesium alloy before the long-pulsed laser processing was determined first by CF-LIBS. The LIBS spectra of AZ31 magnesium alloy from 180 nm to 850 nm are shown in Fig. 3 . Table 2 lists the spectral lines used in CF-LIBS, which can be found in the NIST database [21] . The overlapping or interference spectral lines were corrected by fitting the peaks to the Voigt profile before the data processing. The compositions of Mg, Al, Zn, and Mn were calculated according to CF-LIBS algorithm and the corresponding element concentrations are listed in Table 3 . It is found that the concentration value of matrix element Mg is much closer to the certified value while the results of minor or trace element (Al, Zn, Mn) are only qualitatively detected. It can be noted from the calculation that the plasma temperature is a crucial point of the procedure because it takes effect in the determination of both the correct intercept values and partition functions. Moreover, the reproducibility of spectral lines will directly affect the values in Boltzmann plane, where we averaged the line intensity to reduce the relative errors in the measurements. In addition, we should notice that the NIST transition probability values have uncertainties ranging from 1% to above 50%, which will influence the accuracy of the calculated concentrations. 
Concentration of Mg alloy after long-pulsed laser processing
According to the above results, we only consider the concentration of major element Mg in the following experiments in view of its higher precision.
The microscope images (Axio Observer A1m, ZEISS) of molten metal on AZ31 magnesium alloy after longpulsed laser processing are shown in Fig. 4 for different pulse widths. The laser energy is 5 J in the experiment and the spot diameter is about 1 mm. The molten metal on AZ31 magnesium alloy was detected by CF-LIBS after being polished by sandpaper and cleaned with deionized water. The laser-to-sample distance (LTSD) was adjusted for different samples (under different pulse width laser processing) to keep the spot diameter at 500 µm. In this experiment, the averaged spectra of 10 laser shots comprised one measurement, and this measurement was repeated three times individually on different area within the laser treated regions. The experimental results of Mg concentration in molten metal after laser processing with different pulse widths are shown in Fig. 5 . It is found that the Mg concentration in the molten metal decreases with an increase of the pulse width in laser processing. It is said that the long-pulsed laser processing can cause a composition change in AZ31 magnesium alloy. We found that the physical property of different metal elements will affect the selective evaporation, which is similar to the situation in laser welding. The boiling point of Mg is low (about 1380 K at a standard atmospheric pressure, while Al is about 2760 K), which may result in a higher vaporization rate and more loss of Mg during long-pulsed laser processing. In addition, it is found that the loss of Mg will increase with an increase in the pulse width of the laser. 
Conclusion
In this study, CF-LIBS was applied to our analysis of the composition change of AZ31 magnesium alloy after laser processing. It was found that quantitative results were obtained for matrix constituent in the alloy samples; however, the minor and trace elements resulted in large errors. Considering the matrix element Mg in molten metal using CF-LIBS, we found that the loss of Mg will increase with an increase in the pulse width of the laser, which should be attributed to selective evaporation during laser processing. The present experimental method and conclusion will be found helpful in quality monitoring and quality control for laser welding, cutting, cladding, and drilling.
